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Description 

This invention relates to improvements in vacuum pump systems, in particular improvements aimed at predicting 
the useful life of the vacuum pump before maintenance or removal of the pump is necessary. 
$ Vacuum pumps are employed in numerous types of chemical processes in which substances evacuated through 

the pump can lead to the deposition of unwanted layers of material on internal surfaces of the pump mechanism which 
in turn can lead to loss of pump performance and ultimately to pump failure. 

Vacuum pumps are often employed as part of, or in conjunction with, plant which is both expensive to build and 
expensive to operate. It is therefore useful to be able to predict any reduction in pump performance due to the deposition 
10 of unwanted layers of material on internal surfaces in situ in the plant to enable the pump to be withdrawn from service 
in the plant for maintenance or renewal before any great deterioration or failure of the pump occurs in service. 

It is known that the additional frictional and other loads on the rotor of a vacuum pump caused by the presence of 
layers of unwanted material on stator internal surfaces can be monitored to a certain extent by measuring the electrical 
current supplied to the motor used to drive the pump rotor(s). Such additional loads are sometimes referred to as the 
is pump "tightness". 

However, it has been found that a measurement of current often does not provide a reliable indication of pump 
tightness due to the fact that the measured current is not provided in time-series fashion or with other factors; the 
current signal that is instantaneously measured is therefore always contaminated with time-varying noise and its true 
magnitude against each time cannot be identified. 
20 There is therefore a need for a more reliable method of monitoring pump tightness and thereby avoiding acute 

deterioration and/or failure of the pump during use. 

In accordance with the invention, there is provided a vacuum pump system comprising a vacuum pump and an 
associated motor to drive a rotor therein, means to measure the rotational torque and/or the current of the motor, 
whereby pump monitoring can be effected. 
25 in addition it is advantageous to provide means to estimate the (future) rotational torque and/or current. 

Preferably, the torque and/or current is measured through an electrical power control means (or inverter) which 
controls the operation of the motor. Preferably also, the inverter generates power by which the motor rotates. 

The measurement means also advantageously includes, in addition to the inverter, means to convert a motor 
operation signal corresponding to the rotational torque and/or driving current and computation means to process the 
30 signal. 

Preferably, an interface means converts the torque signal in and/or current to a digital signal which can be received 
by the computation means. Alternatively, the torque signal and/or current signal is provided in an analogue mode which 
the converting means changes in to a digital mode which can be passed to the computation means. 

In preferred embodiments, the interface means comprises a communication port linked to a port of the inverter 
35 from which the torque signal and/or current signal is an output, preferably in digital mode, an interpreter means to 
interpret the signal such that the signal can be communicated on a data bus line to which a memory means and 
communication controller which controls the data transfer on the bus line are connected and a separate pair of an 
interpreter port and communication port connected to the digital computation means. 

Overall, the use of an inverter can control the motor at a constant rotational speed and therefore the torque meas- 
40 ured in the system of the invention is that of a motor providing constant and stable vacuum conditions to the equipment 
for which the pump is used. 

The control of the motor at a constant rotational speed is given by a vector control for induction motors and by 
power control for synchronous motors respectively. For induction motor, a rotational speed sensor is attached to the 
motor to detect the rotation speed of the motor rotator. The inverter controls the magnitude and frequency of the driving 
45 current in accordance with the slippage of the driving current frequency to the actual motor rotation frequency for the 
induction motors and does the product of effective power and power factors. 

A constant rotational speed is maintained by the inverter and therefore the measured torque can provide more 
direct information of the tightness of pump rotation. When the tightness increases more than the torque given by the 
driving force of the motor, the pump is deteriorating. Therefore the torque measurement represents the status of the 
50 pump. 

The torque information is, however, contaminated with the pump load condition, so that the torque is the summation 
of pump tightness and pumping condition such as in the ultimate vacuum condition of when pumping out the process 
gas. The torque is also fluctuating with the noise and time varying friction. The importance is to extract the pump 
tightness from the actual data. To do this we use a filtering algorithm by which we can extract the most likely load 
55 against the pump by eliminating the noise and the undeterminable time-varying signal. The torque due to pumping out 
the process gas represents the process load of the pump which is in service for the plant. However, the magnitude of 
this load is a few percent in the overall torque because the pressure of the process gas is quite low. In eliminating the 
noise, we use torque data or equivalent ones which are measured in time-series fashion in digital mode. In the appli- 
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cation of a filtering algorithm to extract the most likely load, the torque data is processed with the digital filtering com- 
putation. By this process, we obtain an estimate of the torque as the most likely load. As the result, the estimate of the 
torque signal mostly represents the pump tightness. 

When we apply a filtering algorithm to extract the most likely data, the estimate of the torque is obtained. By using 

s this data, it is easy to find out the starting time when the pump has a large mechanical stress. The importance is to 
identify the time when the pump starts to be tight. A prediction algorithm can provide, as an estimate of the torque, the 
most likely data which is not fluctuated by a time varying noise; it therefore works as a smoother and represents the 
intrinsic pump tightness which is the cause of actual torque. It also predicts the possible torque with a designated 
advanced time. If the advanced time is early enough prior to shutting off the equipment which uses the pump, we can 

10 avoid the risk of pump stop while operation of the equipment. When this prediction is associated with the service rule 
of the pump, we can execute a preventive maintenance of the pumps. 

When we have the torque information with the information of the rotational position of the rotor of the pump, or 
that with the rotational angle (in a mode of 360 degrees) referenced to a certain reference rotation angle as zero degree 
the combination of information as torque and rotational position of the rotor shows the trace of the torque against its 

is rotational position. From this trace we can obtain the tightest angle of the rotor which represents a partial friction stress 
against a uniform one. If it is the partial one, we can conclude the foreign material in the pump is localised or is distributed 
inhomogeneously in its rotational mechanism. It gives the indication of pump status in terms of the closeness to stop. 
In practice, when range of the tightest angle becomes wide and finally is (or tends to be) uniform at a high level over 
the angle range of 0 to 360 degrees, then the pump status is much serious and shows a shorter life before stopping. 

20 When this measurement is carried out after pump assembly, we can determine whether there is a localised tight portion 
in mechanical construction and can use as an inspection test method for pump assembly lines. 

For a better understanding of the invention, reference will now be made, by way of exemplification only, to the 
accompanying drawings in which: 

Figure 1 shows a schematic representation of a vacuum pumping system of the invention. 

25 Figure 2 shows details of an interface between the inverter and the computer of the vacuum pump system of Figure 

1. 

Figure 3 shows sets of N torque data measured in time-series which are processed for computation in the vacuum 
pump system of Figures 1 and 2. 

Figure 4 shows the hierarchy of the programs used for torque estimation and prediction. 
30 Figure 5 shows the flow of the computer processing by the computer 6 of the vacuum pump system of Figure 1 

and that after data measurement are shown in Figure 3. 

Figure 6 shows the hierarchy of the program used for a friction mapper. 
Figure 7 shows a graph of a typical set of torque data as a function of rotational angle. 
Figure 8 shows the hierarchy of the programs used for the torque estimation and prediction. 
35 Figure 9 shows another hierarchy of the programs used for a friction mapper. 

With reference to the drawings and to Figure 1 in particular, there is shown a vacuum pumping system comprising 
a mechanical vacuum pump 1 driven by a three-phase induction motor 2. The motor power is supplied by an inverter 
3 which has the vector control to provide a constant rotational speed by means of a control of the frequency of the AC 
motor power supplied thereto. The electric power is supplied to the inverter through the electric power supply cables 4. 
40 An interface 5 converts a signal of the motor rotational torque to a digital signal readable by a computer 6 attached 

thereto. The interface 5 has - as shown in Figure 2 - a first communication port 11 with interpreter means and linked 
to the inverter 3, a communication controller 12 and a second communication port 13 (again with interpreter means) 
leading to the computer 6. The communication ports 11, 1 3, the communication controller 1 2 and a memory 1 4 are all 
linked via a bus line 15 in the normal way. If the signal of motor rotation torque is provided by the inverter in analogue 
45 mode, an analogue-digital converter is attached to the first communication port 11 . 

The computer 6 has a communication port for linking with the interface 5 and comprises memories, one for storing 
programs for the designated computation and the other for data storage, an arithmetic logic unit for performing the 
designate computation and display that displays the results of the computed data (stored in the data memory) through 
the display controller which manages all of the presentation of the data in an intended form. 
50 The torque calculation of the motor are made by the inverter 3 and the torque signal is processed by the computer 

6. The first computer processing carried out in the filtering algorithm is a system identification to determine the system 
characterising the signal. Once the system of the signal is found, it is easy to estimate the most likely torque. In this 
identification step, we calculate AIC (Akaike Information Criterion; reference to H. Akaike, Ann. Inst. Statist. Math., Vol. 
23, pp. 163-180 (1971)). The system determined by this system identification reflects the friction process of the pump 
55 rotor which results into a torque in its observation. 

The next processing is to predict the future torque. By this processing, we obtain the estimated future torque based 
on the most likely torque previously shown up to the present time. This sequential data includes a trend of torque data 
in time progression and therefore it can provide a reliable future torque. 
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One example, of the results given by the above processing is as follows. When the pump operates in the initial 
time just after a service, there is no friction of the rotor with foreign material in the pump or less tightness with other 
assembled pump portions. Therefore, the signal mode prescribed by an auto-regression (AR) model has a low order 
which is analysed in the system identification process, in most cases as first order and the torque signal is affected 
$ much by the time-varying random mechanical noise. 

However, when the pump includes a certain amount of foreign material, mostly by-products produced in the pump- 
ing of the process gasses, the order of the AR model has more orders such as a third one. Therefore, the number of 
the order in the AR model which is determined by the system identification is a major determination parameter to 
indicate the pump status. The order of AR model is provided by minimising the AIC, such that the order determines 
10 the system of the signal to be given in the most likely model. The AIC is used for the determination of alarming and 
stopping the pump system since it can indicate the health of the pump. 

When the system of the signal is identified, the step of prediction gives the estimated torque in future time. 

The step for presentation for display handles the results of the predicted torque as given by an estimated value 
and also the warning signal and stop signal for the pump operation. These two signals are generated by the AIC in 
15 this presentation step. The stop signal is also sent back to the inverter through the interface, and then the pump is 
stopped by this signal. 

The calculation is performed by each sequential N data of torque measured in time-series fashion. Therefore the 

first time before N torque data are provided, no outputs, such as the estimated torque and the AIC, are given from this 

computation process as shown in Figure 3. 
20 Figure 4 shows the hierarchy of the programs used for torque estimation and prediction. The torque signal is given 

by the inverter. The system for which the torque signal is prescribed is identified in the layer of system identification. 

In this identification, the AIC is computed for the determination of the most likely model of the torque signal. From the 

system which is determined by the process of system identification, the torque is estimated as the most likely value. 

Also the system is used to predict the likely torque in the future time on the basis of a sequential past torque data. The 
25 predicted torque is presented on a computer display with other relevant information in accordance with the progress 

of time. 

Figure 5 shows the flow of the computer processing by the computer 6 as described above. The torque signals 

are stored to the group of N data; T(i-(N-1)), T(i-(N-2)), , T(i-1), T(i) in step 1. By using all of these N data, we 

calculate the AR coefficient Aj and AIC(j) from 1 to j until the minimum AIC(j) is given in the steps 2 - 4. In steps 2 and 
30 3, all AR coefficients and the AlCs as Aj and AIC(j) are provided by the system identification computation. When AIC 
is at a minimum at a certain j, the j is the most likely order p(i) of the AR model at a time i. The relation between AR 
coefficient and the torque is given at the time i by, 

35 p(i) 

T(i) = ZA k T(i-k) + e(i) 
k=1 

40 

where e(i) is a noise at the time i, T(i) the torque at time i and A k the k-th AR coefficient. 

After all AR coefficients have been identified at the present time i based with the past N data up to the present 
time, we obtain the estimate of torque at the present time i as 

45 

p (i) 

T (i) = ZA T(i-k) 

50 k 

k=1 



by using the parameters obtained at step 5. Then we start a prediction step from 6) where the estimated torque in the 
55 future time advanced by M, given as T(i+Mli), is calculated on the basis of the all data obtained from the time i-(N-1 ) 
to i. This estimated value is displayed as a predicted torque. We compare the present order of AR model p(') with the 
previous one p(' -1 ) at step 7. If the present order number is smaller or equal to the previous one then, the pump rotor 
friction scheme is unchanged and then we advance to the next set of torque calculation. If the present order number 
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is larger than the previous one, then the pump rotor friction scheme is changed and a warning signal is raised at step 
8). And it is checked whether the predicted torque obtained at step 6 is more than a certain magnitude as T 0 which 
represents the danger level of pump status, then a pump stop signal is generated to stop the pump operation (step 
1 0) since the pump life becomes close to the end since the pump torque is predicted to be high. If the predicted torque 

$ is less than T 0 , advance is made to the next set of torque calculations. 

Figure 6 shows the hierarchy of the programme used for a friction "mapper". The torque signal given by the inverter 
is filtered by the electrical characteristics of the motor circuit, therefore in the layer of deconvolution calculation, the 
torque is deconvolved from the filter characteristics of the motor circuit where a deconvolution algorithm is used for 
the calculation. The torque data, measured in time-series fashion, is paired with the data of rotor angular position of 

10 the motor in the layer of data pairing. The angular position is given in the mode of 360 degree angle. The instantaneous 
torque is rearranged in the rotational angle. The data are contaminated with noise, therefore the data is smoothened 
to decrease the effect of noise in the layer of smoothing. For the smoothing filtration, the system identification algorithm 
or Kalman filter algorithm (Reference to; R E Kalman, "A New Approach to Linear Filtering and Prediction Problems", 
Trans. ASME, J Basic Eng., vol. 82D, no. 1 (1960), 34-45) is used with the angular data as a sequential variable. The 

is display presents the torque data as a function of rotational angle. Figure 7 is an example of presentation. By this, we 
can conclude the rotor has high stress at the angle for 45 - 180 degrees. This indicates the pump has partially tight 
assembly (the pump is newly assembled). In practice, for this condition, the pump can be matured while running and 
the rotor friction decreases and becomes uniformly at a low level. 

After long running of the pump, the pump tends to show the uniform torque at high level over the full range of angle 

20 0-360 degrees. This large torque shows the uniform tightness of pump running due to the accumulation of by-products 
in the pump and consequently indicates that the pump has become close to stop. 

Overall, the invention facilitates the prediction of pump life in the view of the tightness of pump-running. When the 
friction scheme of the rotor changes, then we can perceive it. Therefore it is easy to detect the warning status given 
by the change of rotor friction modes. 

25 Also the friction "mapping" is possible, by which we can determine the tightness as a function of rotor angular 

position. This facilitates the determination whether the pump is tight in a certain angle or uniformly tight due to foreign 
material deposited inside the pump. This indicates the health of pump. Also this measurement is used for the inspection 
of the pump after assembly. 

Other embodiments of this invention use the motor current for the actual measurement. When a motor is used to 

30 which the commercial electric power is directly supplied or a simple inverter is used that has no vector control scheme, 
the motor current is measured and used in the scheme shown in the embodiments as set forth in Figures 8 and 9. 

Figure 8 shows the hierarchy of the programs used for the torque estimation and prediction by directly using the 
measurement results of motor current. In this embodiment, the motor current is measured in analogue mode and the 
current signal is converted to digital mode by the analogue-to-digital converter attached to the front before the com- 

35 munication port 1 1 of the interface shown in Figure 2. The torque calculation is performed by the computer on the basis 
of the current-to-torque characteristics of the motor used for the vacuum system. In this calculation, a table lookup 
method, where the specific torque for the measured current is determined from the current-to-torque data table obtained 
beforehand. An algorithm to use spline function is used for this. After the motor torque is obtained by this layer, then 
the computation to calculate the estimate and prediction of torque and the process of the data presentation for the 

40 display are performed in the same manner as the previous embodiments shown in Figure 4 and 5. 

Figure 9 shows the hierarchy of the programs used for a friction mapper by directly using the results of current 
measurement. In these embodiments, the motor current is measured in analogue mode and the current signal is con- 
verted to digital mode by the analogue-to-digital converter attached to the front before the communication port 11 of 
the interface shown in Figure 2. For the friction mapping, it is important to use the current data obtained for a short 

45 period of time. Because the relation of current-to-torque data is a function of th rotation speed of the motor. Once the 
pump has a friction load, the motor tends to change the rotation speed in accordance with the load of friction. Therefore, 
the current data for short time during when the change of rotation is negligible small is used and the torque calculated 
from the current is regarded as corresponding to the motor load. For this short time torque calculation, a set of sequential 
current data to be calculated in the later processes is acquired in a fashion of time-series and recorded by this layer. 

50 By the second layer, the torque calculation is performed on the basis of the current-to-torque characteristics of the 

motor. In this computation, a table lookup method, where the specific torque for the measured current is determined 
from the current-to-torque data table which is obtained beforehand. An algorithm to use spline function is used for this. 
After the motor torque is obtained by this layer, then the torque data pairing with the rotational position or the angle of 
the pump rotor and the torque data smoothing for noise reduction to obtain the good estimate of the torque are carried 

55 out. The results of this process is given in the same presentation as shown in Figure 7. 

In this embodiment, the mapping can be applied to the inspection testing of the pump which is newly assembled. 
Because the pump tightness is localised in the certain range of the angular position and the absolute tightness is not 
necessary but angular position of relatively tight friction is necessary The evaluation of the torque data which is obtained 
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for short time can be used for this purpose. 

For the evaluation of pump in long term running, intermittent use of this evaluation method is made from time to 
time and the development of the angular range of the tight friction is evaluated. When it becomes wider in the progress 
of time and the current averaged over the period of data recording becomes larger and larger, then it indicates the 
pump has become close to stop. 

In the above embodiments, we have used the torque for the objective to be evaluated since it has the linear relation 
to the load of motor or pump tightness which reflects the presence or growing up of the layers of unwanted material 
made by the by-product of the process chemistry of the plant to which the pump is used. However when we apply non- 
linear Kalman filter (Reference to; R P Wishner, J A Tabacznski and M Athans: "A Comparison of Three Non-linear 
Filters", Automatica Vol. 5, no. 4(1969) 487-496) to the system identification algorithm, the estimation and prediction 
of the torque can be properly done by using and observing the electrical current signal, as well as using torque signal. 

For the application of a friction mapper, when we apply non-linear Kalman filter to the smoothing filtration algorithm, 
the smoothening torque against the rotational angle can be properly done by using and observing the electrical current 
signal, as well as using the torque signal. 

The summary of this non-linear Kalman filter is as follows. The measured current is arranged for the order of linear 
combination of AR order number of p(') and construct a vector X(i) with the measurement of the torque T(i) at the time i as; 

X(i) = (T(i-p (i) )) T(i-(p (i) -1)) T(i-1)T(i)) T 

where the superscript T means the transpose and the Kalman filter algorithm is given by the following two equations. 
The H is a function that coverts the torque T(i) into the current l(i) at the time i. 

X(i+1) = Fx(i)+w(i) 



l(i)=H(T(i))+v(i) 



where w(i) and v(i) are the noise and F is a matrix given as; 



F = 



0 0 

1 0 

o 



0 
0 



By using this algorithm, we can directly use the current signal instead of using the torque signal or conversion 
calculation of current data to torque data. In the computation by this algorithm, the simple motor current data which 
can be measured by direct detection of motor driving current can be used and therefore the hardware system as shown 
in the drawing can be simpler. For example, the inverter is not necessary and the hierarchies of programs shown in 
Figures 8 and 9 do not need torque calculation. 



Claims 



1. A vacuum pump system comprising a vacuum pump and associated motor to drive a rotor therein, means to 
measure the rotational torque and/or the current of the motor, whereby pump monitoring can be effected. 
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A vacuum pump system comprising a vacuum pump and associated motor to drive a rotor therein, means to 
measure the signals associated with the electrical power supplied to the motor in time-series, the computation 
means to process the said signals by digital computation and interface means to link the measurement means 
with the computation means. 

A vacuum pump system according to Claim 2 in which the measurement means comprises controller to drive the 
motor signal converting means and digital computation means to which a software program which processes the 
signal. 

A vacuum pump system according to Claim 2 or Claim 3 in which interface means converts the signals measured 
by the said measurement means readable to the said computation means. 

A vacuum pump system according to any one of Claims 2 to 4 in which the computation means process the data 
of the signal in designated program where the computed data by the computation means stops the electrical power 
supplied to the motor when the computed data is larger than a reference value. 

A vacuum pump system according to any one of Claims 2 to 5 in which the signal is the torque of the motor. 

A vacuum pump system according to any one of Claims 2 to 6 in which the signal is the electric current of the motor. 

An evaluation method to monitor the operational status of a vacuum pump in which a vacuum pump system ac- 
cording to any one of Claims 2 to 7 is used. 
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